2 During gastrulation, embryonic cells become specified into distinct germ layers. In mouse, 3 this continues throughout somitogenesis from a population of bipotent stem cells called 4 neuromesodermal progenitors (NMps). However, the degree self-renewal is associated with 5 NMps in the fast-developing zebrafish embryo is unclear. With a genetic clone tracing 6 method, we labelled early embryonic progenitors and find a strong clonal similarity between 7 spinal cord and mesoderm tissues. We then followed individual cell lineages by light-sheet 8 imaging and reveal a common neuromesodermal lineage contribution to a subset of spinal 9 cord tissue across the anterior-posterior body axis. An initial population subdivides at mid 10 gastrula stages and is directly allocated to neural and mesodermal compartments during 11 gastrulation. A second population in the tailbud undergoes delayed allocation to contribute 12 to the neural and mesodermal compartment only at late somitogenesis. We suggest that 13 NMps undergo vastly different rates of differentiation and growth in a species-specific 14 manner.
Introduction
tailbud, lineage analysis using intracellular injection of high molecular weight fluorescent dextran in 1 zebrafish (Kanki and Ho, 1997) argues against a stem-cell like population that is homologous to 2 the mouse NMp pool (Tzouanacou et al., 2009 ). These seemingly conflicting results can be 3 resolved by a complete lineage analysis that determines the timing of neural and mesodermal 4 lineage restriction in zebrafish, and answer in a clear manner whether these progenitors arise from 5 a stem cell pool as they do in mouse embryos.
7
Here we use a genetic clone tracing method to address whether zebrafish NMps are a conserved 8 source of spinal cord tissue, and the degree to which they populate neural and mesodermal 9 structures during normal development. We find a closer clonal relationship between spinal cord 10 and muscle as compared to spinal cord and anterior neural regions, which can be explained by a 11 model of NM lineage decision at the basis of spinal cord generation in zebrafish. Tracing this 12 lineage restriction with the combined use of photolabelling and the single cell tracking of lineages 13 from an in toto light sheet imaging dataset demonstrate that this restriction occurs during an early 14 and direct segregation event with little or none amplification of the cellular pool. We observe a 15 second population of NMps that remains resident in the tailbud and contributes to the caudal-most 16 portion of the tail, that matches a previously described tailbud NMp population (Martin and 17 Kimelman, 2012) . Taken together with recent studies, this suggests that an NMp population is a 18 conserved source of spinal cord and paraxial mesoderm, but with large differences in their 19 potential for self-renewal in vivo.
21

Results
22
Spinal cord scars are closer associated to mesodermal than to anterior neural derivatives.
23
To determine whether a common NMp lineage contributes to the zebrafish body axis at a whole 24 organism level, we used a novel CRISPR/Cas9 based genetic clone tracing method called 25 ScarTrace that allows for the reconstruction of clonal relationships in a retrospective manner 26 (Alemany et al., 2018; Junker et al., 2016) . When Cas9 RNA or protein is injected together with a 27 guide RNA (gRNA) targeting a tandem array of histone-GFP transgenes in a zygote, a series of 28 insertions and deletions of different lengths at different positions (scars) are introduced 1 subsequently to DNA double strand break. These scars are inherited to all daughters of each 2 labelled progenitor cell.
3
If a NMp population is at the root of the spinal cord lineage in zebrafish, it would be expected that 4 descendants of the paraxial mesoderm tissues would have similar scars to those within the spinal 5 cord. Alternatively, if spinal cord were generated from an ectodermal territory that is segregated 6 from the mesoderm prior to anterior/posterior neuronal lineage segregation as predicted by the 7 activation/transformation model (Niehrs, 2001; Nieuwkoop and Nigtevecht 1954) , it would be 8 expected that it would share a common set of scars with brain regions. To distinguish between 9 these two possibilities, we injected either Cas9 RNA (fish R1 to R3) or Cas9 protein (fish P1 to P3) 10 together with guide RNAs against GFP at the 1-cell stage into embryos transgenic for 8 copies of 11 H2A-GFP ( Figure 1A ). Cas9 RNA injection has been shown to generate scars up until 10 hpf and 12 therefore would label any neural and mesodermal progenitors throughout gastrulation, while Cas9 13 protein scarring ends at around 3hpf (Alemany et al., 2018) . At larval stages, multiple regions of 14 the body were isolated mechanically and sequenced to determine their scar composition (Materials 15 & Methods). To determine the scar-based distance between organs we used hierarchical clustering 16 ( Figure 1B , Figure S1A ,B). Importantly, a strong relationship was observed between spinal cord 17 and muscle tissues at all anterior-posterior (labelled front, mid and tail) regions of the body axis 18 with Cas9 mRNA injections, suggesting that at least by 10 hpf, a common neuromesodermal 19 population underlies spinal cord development at all axial levels. For Cas9 protein injected fish we 20 observe a closer association of spinal cord tissue across the anterior to posterior axis than to 21 muscle tissue ( Figure 1 -Figure S1B ). However, due to the absence of muscle location in P1-P3 it 22 can either be that we label spinal cord progenitors before mixing with muscle or that muscle cells 23 only in close proximity to the spinal cord have a shared progenitor history. This observation 24 suggests two models for the segregation of spinal cord and paraxial mesoderm fates during 25 zebrafish embryogenesis. The first model, continuous allocation, follows the interpretation of 26 retrospective lineage analysis in the mouse ( Figure 1C ) and assumes that both spinal cord and 27 paraxial mesoderm cells are continually produced from a posteriorly localised neuromesodermal 28 stem cell pool as in mouse. The alternative is the early segregation model, according to which 1 neural cell lineages diverge during early gastrulation stages concomitant with the early 2 specification of mesoderm tissue ( Figure 1D ). To determine the relative contribution of these two 3 segregation models of zebrafish NMps, we turned to imaging-based lineage tracing methods. 
4
To obtain an estimate of when spinal cord and paraxial mesoderm spatially segregate during 5 zebrafish gastrulation, we performed a series of fate mapping experiments using photolabelling.
6
Embryos were injected at the one-cell stage with mRNA encoding for the photoconvertible protein, 7 Kikume, targeted to the nucleus (nls-Kikume). Upon exposure to UV light at early gastrula stages, 8 regions of around 50-100 cells spanning the marginal zone were labelled, enabling the direct 9 visualization of mesoderm and ectoderm segregation by confocal microscopy. While labels in the 10 prospective anterior-dorsal region of the 30% epiboly embryo contributed to large portions of the 11 brain and notochord (Figure 2A ), these labels contributed little to the spinal cord and paraxial 12 mesoderm territories ( Figure 2D ), supporting the distinct lineage for brain regions found by 13 Scartrace (Figure 1A 
17
Labels in an equivalent domain at 50% epiboly resulted in significantly less mesodermal 18 contributions, in line with the continued invagination of mesodermal progenitors at these stages 19 ( Figure 2C ,F). However, not even small (36 cells) labels could mark solely mesoderm fated cells, 20 suggesting that a degree of mixing between ectodermal and mesodermal lineages persists until 21 50% epiboly ( Figure 2G ).
23
Following the 50% spinal cord/mesoderm fated clones by time-lapse microscopy reveals a rapid 
5
Importantly, seven tracks contributed to both the mesodermal compartment and the spinal cord.
6
Two tracks were excluded due to gross inaccuracies in tracking. 75% of tracks did not undergo an 20 and nine neural segments (23 rd to 32 nd ).
22
Directly adjacent anteriorly to the NMps, a progenitor pool with only neural fate was identified. This 1995a,b; Gont et al., 1993) . As NMps continue to generate multiple germ layer derivatives germ layer potential. However, as NMps are also present through gastrulation stages, the fact that 1 they continue to undergo a similar cell fate decision within the tailbud suggests that secondary 2 body development is very much a continuation of gastrulation. Whether a similar gene regulatory 3 network underpinning the specification of cells from both these early and late NMp populations
4
remains an open question.
6
Despite a strong developmental constraint acting upon gastrulation in vertebrates (Abzhanov, 7 2013), there exists a large degree of morphological variation acting at these stages of development 8 (Duboule, 1994) . This variation is largely a consequence of the different strategies of maternal-9 embryo energetic trade-off that have been adopted during chordate evolution. In the context of 10 mouse, viviparity has led to an internal mode of development within which embryos increase in 11 volume to a large degree concomitantly with establishing their body plan (Steventon et al., 2016) .
12
This is in contrast to macrolecithal embryos such as fish, whose energy supplies are contained 13 within an external yolk sac. Such transitions have a great impact on the morphology of gastrulae, 14 that must adopt their shape according to the physical constraints of yolk size and extraembryonic 15 structures. Furthermore, external modes of development provide a selective advantage for 16 developmental strategies that favour a rapid development to swimming larval stages in order that 17 they escape predators and find food. Zebrafish undergo a highly rapid mode of development, and 18 develop their full complement of somites, prior to the development of a vascular system that is 19 efficient at accessing nutritional supplies and allowing them to increase in mass. We propose that 20 by shifting the allocation of spinal cord and mesodermal progenitors to early gastrulation stages, 21 this has facilitated a rapid convergence and extension-based mode of axial elongation.
22
Interestingly, the pool of NMps within the tailbud demonstrates a conservation of a tailbud 23 progenitor pool that could allow for increased flexibility according to organism level heterochronies 24 in the rates of growth. This hints at a novel evolutionary developmental mechanism that we term 25 'growth-mode adaptability'. This proposes that specific cellular trajectories (such as the emergence 
16
mapping, to filter out potential sequencing errors, the scar percentage was computed in normalized 17 histogram with 100 bins. Scars were only kept when their fraction was at least 10x higher than the 18 minimum detected scar fraction. In case multiple organ parts of the same tissue were dissected the 19 average scar fraction was computed. To filter out fish with inefficient scarring we determined the 20 scarring efficiency as the number of scars after filtering and the mean unscarred GFP percentage 21 across all organs per fish ( Figure S1C ). Only fish with less than 50% unscarred GFP and more 22 than 100 scars were kept. Additionally, only unique scars (not occurring in other scarred fish) were 23 used to compute the dendrograms.
25
Preparation and mounting of zebrafish samples for photolabelling.
26
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